A heteroepitaxial PbZr 1−x Ti x O 3 ͑PZT͒ thin film was fabricated by means of hydrothermal epitaxy at 210°C below Curie temperature without undergoing the paraelectric to ferroelectric phase transition. From transmission electron microscope and piezoresponse force microscope observations, it was confirmed that the fabricated PZT thin films had only a −c monodomain without an a domain in the as-synthesized state. The polarization-electric-field hysteresis curve and the fatigue behavior of the heteroepitaxial PZT capacitor with a Pt top and n-type semiconductor bottom electrode was observed. The remanent polarization 2P r of the PZT capacitor was about 63 C/cm 2 . This value was much lower compared to that of the PbTiO 3 capacitor, which was also fabricated by means of hydrothermal epitaxy at 160°C below Curie temperature. It was suggested that a lower polarization of the PZT capacitor was due to the nonswitchable interfacial layer grown in the initial growth stage. However, this layer did not exert an influence on the fatigue behavior of the PZT capacitor: the PZT capacitor with an ordinary Pt top electrode and a Nb-doped SrTiO 3 semiconductor bottom electrode revealed fatigue-free behavior in up to 10 11 switching cycles.
I. INTRODUCTION
Ferroelectric PbZr 1−x Ti x O 3 ͑PZT͒ thin films with a perovskite structure have received a great deal of attention for their applications in nonvolatile ferroelectric memory devices and micropiezoelectric sensors/actuators. [1] [2] [3] In particular, their switchable electric polarization ͑spontaneous polarization, P s ͒ is ideal for use in devices that require nonvolatile memory. Conventionally, this polarization was obtained via the paraelectric ͑PE͒ to ferroelectric ͑FE͒ phase transition. Most of the PZT films have been fabricated in a polycrystalline structure because the deposition was often carried out using nonepitaxial substrates, such as silicon, for their applications in the monolithic integrated devices. 4 On the other hand, PZT thin films have been grown heteroepitaxially on the cubic single crystals, such as MgO and SrTiO 3 ͑STO͒, using radio-frequency ͑rf͒ magnetron sputter deposition, 5 metal-organic chemical-vapor deposition ͑MOCVD͒, 6, 7 and pulsed laser ablation. 8 All of these techniques require a high processing temperature ͑more than 500°C͒ above the Curie temperature ͑T C ͒ for crystallization. During fabrication, a c / a / c-polydomain structure forms during the PE to FE phase transition to relieve the misfit strain energy between the cubic PE and the tetragonal epitaxial FE phase. [9] [10] [11] [12] In this case, the a domains form through four coherent ͕101͖ twinnings, and the twin planes become the c / a-domain boundary. Investigations have shown that a-domain switching is difficult even at very large external field strengths; that is, manipulating the domain structure in ferroelectric thin films is difficult. 13 Moreover, lead and oxygen ion vacancies occur in the thin film. These drawbacks reportedly affect the reliability of ferroelectric film devices due to weakness such as a fatigue behavior.
14 Therefore, a fabrication method using a processing temperature lower than T C is needed to restrict the a-domain formation for high-performance engineering applications. However, it is a formidable challenge to fabricate heteroepitaxial ferroelectric thin films at a processing temperature lower than T C while avoiding phase transitions. Hydrothermal epitaxy is a technique that uses aqueous chemical reactions to synthesize heteroepitaxial thin films on structurally similar single-crystal substrates under an elevated pressure ͑Ͻ15 MPa͒ and at a low temperature ͑90-200°C͒. 15, 16 Piezoresponse hysteresis representing polarized domain switching was reportedly obtained with a hydrothermally synthesized micron-sized PZT single crystal on a Ti substrate. 17 In addition, Jung et al. recently made clear that, on the basis of transmission electron microscope ͑TEM͒ and piezoresponse force microscope ͑PFM͒ observations, a heteroepitaxial PbTiO 3 film on a cubic ͑001͒ Nb-doped SrTiO 3 ͑NSTO͒ substrate could be fabricated with the aid of hydrothermal epitaxy, while avoiding the PE to FE phase transition. 18 The PFM observations also confirmed the formation of a single +c domain structure in an epitaxial PbTiO 3 film in a virgin state. Moreover, the measurement of the polarization-electric-field ͑P-E͒ hysteresis curve clearly revealed that the film had a large switchable remanent polarization of 2P r = 144 C/cm 2 . Ahn et al. also used hydrothermal epitaxy to fabricate a nanosized epitaxial ͑001͒ PbTiO 3 island at 160°C below T c . 19 After finding a critical size, they deduced that below this critical size, the negative polarization was stable in the as-fabricated state, and above it, the positive polarization was stable. Recently, authors have fabricated a heteroepitaxial PbZr 1−x Ti x O 3 thin film on a cubic NSTO at 210°C, by hydrothermal epitaxy, without the PE to FE phase transition. 20 The PZT film had a remanent polar- 18 and a coercive field of 2E c = 471 kV/ cm. However, the PZT film showed no fatigue in up to 10 11 switching cycles, even though an ordinary Pt top electrode was used as a capacitor. In this study, we will report on the effect of the microstructure on both the ferroelectric properties and the fatigue behavior of a heteroepitaxial PZT film fabricated at 210°C by hydrothermal epitaxy.
II. EXPERIMENT
Hydrothermal epitaxy was used to fabricate a heteroepitaxial PZT thin film on a Nb-doped ͑0.5 wt %͒ ͑001͒ singlecrystal SrTiO 3 ͑NSTO͒, which was used as both a substrate and an n-type semiconductor bottom electrode. The hydrothermal synthesis conditions for heteroepitaxial PZT thin films are listed in Table I . After mixing the reaction powders with an accelerative solution, the reaction lasted for 6 h at 210°C under a compressive hydrostatic pressure of less than 15 MPa, which is the maximum operating pressure for a reactor. The resulting PZT thin-film thickness was approximately 580 nm. To confirm the growth mode in the initial stage of the growth, the PZT thin film was also fabricated at 210°C without a holding time. Our PZT thin films were annealed in an Ar atmosphere of 20 mTorr at 300°C below T C . Then, we used rf magnetron sputtering for the in situ deposition of the Pt top electrode, which had a diameter of 200 m, in order to examine the electrical properties of the PZT thin film.
The film composition was determined using a wavelength dispersive x-ray ͑WDX͒ spectrometry measurement; we confirmed that the Zr/ Ti ratio of the synthesized PZT thin film was approximately 0.7. The crystalline structure of the PZT thin film was investigated using x-ray-diffraction ͑XRD͒ measurements. Through a TEM analysis, the domain patterns of the PZT thin film and the interface between the film and the substrate were observed. The surface morphology of the thin film was observed by a scanning electron microscopy ͑SEM͒. To measure the P-E hysteresis curve and the fatigue behavior of our PZT capacitor, we used an RT66A ferroelectric tester ͑Radiant Technologies Co.͒, to which we connected a function generator ͑model 8023, Tabor Electronics Ltd.͒ that could generate 500 kHz bipolar waves. The current-electric-field ͑I-E͒ measurements were obtained using a picoammeter ͑model 486, Keithly͒ and a programmable voltage source ͑model 230, Keithly͒.
For the fatigue test, we used a bipolar triangular-wave electric field of 512 kV/ cm ͑30 V͒ at 500 kHz. Then, we used a pulsed polarization test to measure the values of the polarizations. The pulsed polarization test consists of five triangular pulses: one negative, two positive, and two negative. The first pulse switches the polarization into a known state; the second and third pulses measure the charge in the response to the switching polarization ͑P * r ͒ and the nonswitching polarization ͑P^r͒, respectively. Likewise, the fourth and fifth pulses measure the response to the opposite polarity of P * r and P^r. The difference between P * r and P^r is the same as the important quantity of remanent polarization ͑⌬P r ͒, which determines the sensing margin of the memory device.
III. RESULTS AND DISCUSSION
Figures 1͑a͒ and 1͑b͒ show the XRD -2 profile of the PZT thin film and the ͑101͒ pole figure which resulted in a fourfold symmetry, respectively. As shown in Fig. 1͑a͒ , the XRD pattern shows only ͑001͒ reflections from both the tetragonal PZT thin film and the cubic NSTO substrate. Furthermore, the ͑101͒ pole figure also reveals an epitaxial relationship between the PZT film and the substrate. Figure 2 shows a cross-sectional bright-field TEM image of the PZT thin film and a cross-sectional high-resolution TEM ͑HRTEM͒ image along the interface between the film and the substrate. The cross-sectional TEM image in Fig. 2͑a͒ reveals that the PZT thin film has only a c monodomain structure without an a domain, which forms during the PE to FE phase transition to relieve the misfit strain energy between the cubic paraelectric and the tetragonal epitaxial ferroelectric phases. 10, 21 As illustrated in Fig. 2͑b͒ , the HRTEM image shows the heteroepitaxial growth of the thin film without any misalignments on the NSTO substrate and the ͑101͒ plane spacing is wider than that of the NSTO substrate. However, as it will be discussed later, it is not clear whether the thin film near the interface is a ferroelectric heteroepitaxial PZT layer or not. It was demonstrated that, with a theoretical approach, [22] [23] [24] the Pb-based perovskite ferroelectric thin films ͑PbTiO 3 and PZT͒ could be fabricated by hydrothermal epitaxy at temperatures below T C while avoiding phase transition. [17] [18] [19] [20] As shown in Fig. 3͑a͒ , the PZT thin film has a surface morphology of curved steps and terraces; the atomic force microscopy ͑AFM͒ observation shows that the step height was about 20 nm. From this stepped surface morphology, it is expected that the PZT thin film grows in a layer-by-layer mode ͑two-dimensional growth͒ in hydrothermal growth conditions. At the as-synthesized state, a surface area of 9 m 2 was scanned with an oscillating tip bias of 5V pp ͑peak to peak͒ at 8 kHz to the bottom electrode. The PFM image, Fig. 3͑b͒ , displays only bright colors ͑−c domain͒, which represent the polarization vector directed toward the interface. 25 These results indicate that the PZT thin film has only a c monodomain structure in the as-synthesized state: this image clearly does not show the crossed stripe structure with a ͕101͖ twinned a domain which is typically observed in heteroepitaxial ferroelectric thin films on cubic oxide substrates that have undergone the phase transition. 26 Surface areas of 4 and 1 m 2 , in regular order, were poled by scanning a conductive AFM tip with +20 and −20 V, respectively. As shown in the inset of Fig. 3͑b͒ , the PFM image changed to a darker color, which represents the polarization vector directed toward the surface, 25 and vice versa. It is clear that the initial polarization of the PZT thin film in the as-synthesized state is switchable.
Figures 4͑a͒ and 4͑b͒ show the P-E hysteresis curves and the I-E curve for the Pt/ PZT/ NSTO capacitor fabricated in this study. The external electric fields were applied to the top electrode while plotting the P-E hysteresis curves. Even though the PZT thin film was fabricated at a low temperature of 210°C below T C without the phase transition, the capacitor shows a ferroelectric hysteresis behavior: at an applied electric field of 850 kV/ cm ͑50 V͒, the 2P r value was about 63 C/cm 2 and the 2E c value was about 471 kV/ cm. The hysteresis curves show a slight imprint phenomenon; that is, negative-biased hysteresis curves. In this study, the imprint phenomenon was caused by the imperfect compensation of the negative polarization charge in the n-type semiconductor NSTO electrode. The details of this imprint phenomenon are given elsewhere. 18 The remanent polarization of our PZT thin film fabricated by hydrothermal epitaxy has a low polarization value ͑2P r =63 C/cm 2 ͒ in comparison with the epitaxial PZT thin films fabricated by MOCVD ͑2P r = 110 C/cm 2 ͒. 6 Furthermore, for the epitaxial PbTiO 3 thin film fabricated by hydrothermal epitaxy, the remanent polarization value ͑2P r ͒ was 144 C/cm 2 . 18 As shown in Fig.   4͑b͒ , the current density shows rectifier characteristics. The asymmetry of the curves indicates different barrier heights for the top and bottom electrodes. For these electrodes, the leakage currents at ±690 kV/ cm were 3.47 and 4.13 A/cm 2 , respectively. From this result, it is considered that a low polarization value of our PZT capacitor is not related to a leakage problem because the leakage currents are within the range of adequate values ͑about 0.1-10 A/cm 2 ͒ for well-saturated P-E hysteresis curve measurements. [27] [28] [29] To understand the reason why our PZT capacitor had a low value for the remanent polarization, the surface morphology of the PZT film at the initial stage of growth was observed. The results are shown in Fig. 5 . The bare substrate areas, where it is not covered with the thin film, are seen in Fig. 5͑a͒ . This figure indicates that the initial growth mode of the thin film is not a layer-by-layer growth mode, but an island growth mode ͑three-dimensional growth͒. The possible reason for this island growth mode at the initial stage is the lattice mismatch between the a-axis lattice parameter of the PZT thin film and the NSTO substrate. By adding a Zr ion to PbTiO 3 , the a-axis lattice parameter of PZT increases with the Zr ion concentration from the a-axis lattice parameter of PbTiO 3 ͑a PbTiO 3 = 3.903 Å͒. The a-axis lattice parameter of PbTiO 3 coincides with that of NSTO ͑a NSTO = 3.905 Å͒. Our PZT thin film has a Zr/ Ti ratio of ϳ0.7. This composition of PZT was estimated to have an a-axis lattice parameter of ϳ3.96 Å. 30 Under this lattice mismatch ͑ xx = yy = 0.014͒, it seems that growing PZT thin film by hydrothermal epitaxy increases the difficulty in heteroepitaxially growing the PZT directly on the NSTO substrate using the layer-by-layer mode: the island growth mode appears to be a stable growth mode. After the agglomeration of the islands, the PZT thin film seems to grow in the layer-bylayer mode, as shown in Fig. 3͑a͒ . In this case, the initial layer ͑i.e., the agglomerated layer of the islands͒ plays the role of the interfacial layer ͑the buffer layer͒ for the stress relaxation in the PZT thin film. 31 Figure 5͑b͒ represents the PFM image of the initial layer. The PFM signal of this layer shows only dark colors; the polarization vector directs toward the film surface. However, this polarization direction cannot be switched by a conductive AFM tip. At present, it is not clear whether this nonswitchable initial layer has the perovskite structure or the pyrochlore structure of the PZT composition. Cho et al. reported that the polarization degradation in the BaTiO 3 thin film was attributed to the existence of an interfacial layer between the ferroelectric film and the bottom electrode. 32 Therefore, it seems that a low value of the remanent polarization in our PZT capacitor is due to the existence of a nonswitchable interfacial layer between the PZT thin film and the substrate. In addition, some holes remain while the islands meet each other, as can be seen in Fig. 5͑a͒ . Clearly these microstructural imperfections attribute to the degradation of the remanent polarization in our PZT capacitor. In the case of the PbTiO 3 thin film fabricated by hydrothermal epitaxy, the a-axis lattice parameter of the PbTiO 3 thin film coincided perfectly with that of the NSTO substrate. Therefore, it appears that the films did not have the problem of an interface layer. 18 Figure 6͑a͒ shows a typical variation of ±⌬P r as a function of our capacitor's switching cycles. Our PZT capacitor, which has the Pt top electrode and the Nb-doped SrTiO 3 semiconductor bottom electrode, clearly shows almost no polarization fatigue after 10 11 switching cycles. The switchable polarizations drop by only 5% for +⌬P r and by 2% for −⌬P r . Figure 6͑b͒ shows the P-E hysteresis loops of the PZT capacitor before and after 10 11 switching cycles at an applied electric field of 512 kV/ cm ͑30 V͒. As it can be seen, there was no change in the hysteresis loop after 10 11 switching cycles.
For a Pb-based perovskite ferroelectric film capacitor with metal electrodes, fatigue has been attributed to three different microscopic causes: stress relaxation of the a domains, poling of the charged defect pairs ͑such as leadvacancy neighbors and oxygen-vacancy neighbors͒, and space-charge accumulation near the Pt electrode-ferroelectric interface. 33 Defects such as lead or oxygen vacancies could be caused by the high temperature of the crystallization process. When we fabricated the PZT film at a high temperature and configured the film with an ordinary Pt electrode, there was a serious fatigue problem for the polarization switching cycles. That is, the degradation of the switching polarization occurred between 10 4 and 10 7 cycles. In addition, improvements in fatigue behavior have been achieved by using metallic oxides for the top and bottom electrodes. [34] [35] [36] If oxygen-vacancy accumulations near the film-electrode interface occur during fatigue, the conductive oxide can consume the oxygen vacancies by changing the nonstoichiometry of the oxygen. Thus, the accumulation of oxygen vacancies near the interface is prevented or reduced in a capacitor with metallic oxide electrodes. On the other hand, our PZT capacitor exhibits fatigue-free behavior in up to 10 11 switching cycles, even though an ordinary Pt top electrode was used for the PZT capacitor. This fatigue-free behavior indicates that our PZT capacitor does not include any of the sources of fatigue mentioned above. Although the nonswitchable interfacial layer was grown on a NSTO substrate at the initial stage, this layer does not have any effect on the fatigue behavior. It should be noted that we used hydrothermal epitaxy at 210°C below T C , and avoided the phase transition to produce heteroepitaxially grown PZT thin film. Namely, defects such as the lead or oxygen vacancies in our PZT thin films were suppressed by using a very low fabrication temperature. Therefore, it is clear that the suppression of defects contributes largely to the fatigue-free behavior of our PZT thin films.
IV. CONCLUSION
We fabricated a heteroepitaxial PZT thin film ͑the Zr/ Ti ratio Ϸ0.7͒ on a Nb-doped ͑0.5 wt %͒ ͑001͒ single-crystal SrTiO 3 substrate by using hydrothermal epitaxy at 210°C below Curie temperature, without the paraelectric to ferroelectric phase transition. From the TEM observations, it was confirmed that our PZT thin film had only a c domain, without an a domain, and that the PZT thin film grew heteroepitaxially on the NSTO substrate. From the PFM observations, it was also confirmed that the initial downward polarization of the PZT thin film at the as-synthesized state was switchable. The PZT capacitor with a Pt top electrode and an n-type Nb-doped SrTiO 3 bottom electrode showed a sharp P-E hysteresis curve, and the remanent polarization, 2P r , and the coercive electric field, 2E c , of the PZT capacitor were about 63 C/cm 2 and 471 kV/ cm, respectively. In this study, the value of 2P r of the PZT capacitor was much lower compared to that of the PbTiO 3 capacitor, which was also fabricated by means of hydrothermal epitaxy at 160°C below Curie temperature. It was suggested that a lower polarization of the PZT capacitor was due to the nonswitchable interfacial layer grown in the initial growth stage. However, this layer did not exert influence on the fatigue behavior of the PZT capacitor: our PZT capacitor with an ordinary Pt top electrode and a Nb-doped SrTiO 3 semiconductor bottom electrode revealed fatigue-free behavior in up to 10 11 switching cycles. 
